A novel emulator of laser Doppler frequency shift (DFS) for satellite laser communication based on microwave photonics technology is proposed and experimentally demonstrated. In order to overcome the bottleneck that the optical frequency shift signal with a wide frequency offset from near zero can hardly be obtained using traditional electro-optic or acousto-optic frequency shifting, the frequency of laser signal is first moved to a lower/higher fixed frequency and then shifted back to a higher/lower tunable frequency. The signal after cascaded frequency shifting in the opposite direction is equivalent to the original laser signal with DFS. In the experiment, the value and direction of DFS correspond to the magnitude and sign of the difference between the two frequency shifts. The DFS from −14 GHz to +14 GHz with a varying rate of 323 MHz/s is accurately implemented. In addition, the side mode suppression ratio (SMSR) of laser signals with DFS are all over 52.3 dB. The proposed scheme is significant to evaluate and test the DFS compensation capability of the satellite laser communication terminal.
Introduction
Satellite laser communication has become one hot topic in recent years due to its intrinsic merits of high data rate, strong immunity to electromagnetic interference, small antenna size and low power consumption [1] - [3] . However, the communication performance suffers from the optical carrier's Doppler frequency shift (DFS), since non-geostationary satellites change their relative positions to other satellites or ground stations quickly. Thus, for the laser communication system among satellites or between satellites to ground stations, it is necessary to conduct a comprehensive test on the communication performance before launching satellites.
Usually, the laser DFS is more harmful to the digital communication systems implementing coherent demodulation. Therefore, there have been numerous researches which focus on estimating [4] and compensating [5] - [8] for the Doppler frequency shift. In addition, there are also mature procedures of testing, verification and demonstration for laser modulation rate, beam quality, detection sensitivity and bit error rate until now. However, how to simulate the DFS of optical carrier and perform the whole machine testing of the communication link is still a difficult problem in the demonstration of the satellite laser communication on the ground. To the best of our knowledge, no previous work and reports were concerned about the simulation.
In order to evaluate the adaptability of communication terminal to laser's DFS, it is important to carry out research on the simulation of broadband and high precision laser DFS. Moreover, the DFS simulation system can be used to accurately simulate dynamic change of the laser link with DFS in various scenarios, which can achieve a fast and accurate assessment of the satellite communication performance through analyzing the effects of the DFS on the laser link. Typically, there are two methods to shift optical frequency, acousto-optic frequency shifting and electro-optic frequency shifting. Numerous approaches based on electro-optic frequency shifting have been reported to acquire frequency shift signal in different applications. For instance, carrier suppressed single sideband modulation (CS-SSB) is implemented to tune multiwavelength fiber laser precisely by using a dual-parallel Mach-Zehnder modulator (DPMZM), and the maximum side mode suppression ratio (SMSR) between the ±1st order components is 20.59 dB [9] . In [10] , the frequency shift based on CS-SSB modulation is achieved by combining carrier suppression double sideband modulation (CS-DSB) of DPMZM with an optical band-pass filter (OBPF), and the power ratio of the +1st order optical signal to optical carrier is 23 dB. In [11] , the CS-SSB modulation is realized in the sub-DPMZM of dual-polarization dual-parallel Mach-Zehnder modulator (DP-DPMZM), and the carrier suppression ratio is larger than 30 dB while one large third-order sideband appears due to the high RF power. In [12] , a DPMZM driven by a sweep signal is used to achieve CS-SSB modulation and the suppression ratio of undesired components is only 15 dB. Considering the electro-optic frequency shifting methods mentioned above, the SMSR between frequency shift signal and undesired signal is less than 30 dB in most cases and cannot maintain stable over a wide frequency range. Besides, although a large frequency shift of tens GHz can be achieved through the electro-optic frequency shifting, it is difficult to obtain a small DFS due to the limited roll-off factor of the filter. On the other hand, acousto-optic frequency shifting is difficult to meet the requirement of broad range [13] . Thus, the frequency shift signal with a wide frequency shift can hardly be obtained by acousto-optic frequency shifting or traditional electro-optic frequency shifting. In other words, the laser DFS signal with a wide frequency offset from near zero can hardly be simulated to assist in assessing and verifying the performance of satellite laser communication system comprehensively.
In this paper we propose an emulator to form high spectral quality, broadband and fast laser DFS for any satellite orbit based on electro-optic cascaded frequency shifting in the opposite direction. In particular, the frequency of laser signal is first moved to a lower/higher fixed frequency by using a Mach-Zehnder modulator (MZM) driven by a fixed frequency RF signal while biased at the carrier suppression double sideband (CS-DSB) mode. Then the negative first-order sideband of the modulated signal serves as a new carrier and is injected into a dual-parallel Mach-Zehnder modulator (DPMZM). Likewise, the frequency of new carrier is then shifted back to a higher/lower frequency by tuning the frequency of a second RF driven signal, and the carrier suppression single sideband (CS-SSB) signals are generated through appropriately manipulating the DC bias. Finally, the positive first-order sideband of DPMZM equivalent to original laser signal with various DFSs is generated. The value and direction of DFS correspond to the magnitude and sign of the difference between the two frequency shifts. A broadband laser DFS in the range of ±14 GHz with a high varying rate of 323 MHz/s is successfully simulated. In addition, the side mode suppression ratios (SMSR) of laser signals with DFS are all over 52.3 dB.
Principle
Due to the relative motion between the transmitter and receiver, the resultant Doppler frequency shift f d of laser signal is given by
where f is the frequency of optical carrier, c is the speed of light in vacuum (3 × 10 8 m/s), v is the relative velocity between the transmitter and the receiver, α ∈ [0, π] is the angle of the velocity vector, moreover, the DFS and the velocity are functions of time t [14] . The Doppler frequency shift varying rate, which is the rate of change in Doppler frequency shift because of the change in relative velocity, is written as
where a is the relative acceleration rate. It can be seen that the maximum f d = v·f c happens when α = 0 and the maximum f d = af c can be realized while α(t ) = α = 0 based on Eq. (1) and Eq. (2). The height of earth satellite orbits is typically between 200 km and 36000 km. According to Kepler's law, the satellite using large elliptical orbit with a perigee of 200 km and an apogee of 36000 km has the maximum linear velocity at the perigee among all satellites, and hence the linear velocity can be expressed as
where G is the universal gravitational constant (6.67 × 10 −11 N * m 2 /kg 2 ), M is the earth's mass (5.965 × 10 24 kg), and R is the earth's radius (6371 km). Considering the extreme situation mentioned above, the maximum line velocity at the perigee is calculated to be 10.2 km/s according to the Eq. (3). Considering the communication link of satellite-to-satellite, the maximum relative velocity v is 20.4 km/s when the two satellites move in the opposite direction with coincident orbit planet. The value of a is related to a specific satellite orbit and is approximately 0.00147 km/s 2 through simulating and calculating in large satellite constellation system. Similarly, for the communication link of satellite-to-ground station, the maximum relative velocity v is 7.1 km/s when the ground station is farthest from the satellite, and the maximum a is approximately 0.5 km/s 2 while the ground station is just located under the satellite.
To sum up, the maximum relative velocity v is 20.4 km/s and the maximum relative acceleration rate a is 0.5 km/s 2 , which means that the maximum available DFS is 13 GHz and the maximum varying rate is 323 MHz/s according to the Eq. (1) and Eq. (2). Thus, it can be concluded that the range of DFS should be from −13 GHz to +13 GHz and the shift rate is from −323 MHz/s to +323 MHz/s when considering the direction of relative motion. Therefore, our emulator is proposed to reappear broadband DFS for arbitrary laser signal, simulate the impact of DFS on satellite laser communication performance combined with signal laser, signal modulation module and receiver, and test the DFS compensation capability of the receiver.
The scheme diagram of the proposed DFS emulator is illustrated in Fig. 1 . A continuous light wave (CW) from laser diode (LD), denoted byE in (t ) = E 0 e jω c t , is injected into the MZM, meanwhile, the fixed frequency RF signal generated from microwave signal generator (MSG1) is applied to the MZM to generate the CS-DSB signals. To do so, the MZM is biased at null point. Moreover, the power of fixed frequency RF signal is set around 20 dBm to obtain a larger first-order modulation sideband and the RF frequency is set as 17.5 GHz for example here.
Mathematically, the output optical field of the MZM can be derived as When the power of RF driven signal is large under electro-optic modulation condition, it is not the traditional small-signal modulation. In addition to the first-order sideband, high-order sidebands are generated synchronously. In our case, the RF power is set as around 20 dBm, which generates relatively large first-order and 3nd-order sidebands, and negligible higher order sidebands. Thus we consider only the first-order and 3nd-order sidebands here according to the actual situation. By setting ϕ DC = π , the generated signals can be derived by following Jacobi-Anger expansion, as
where ω c ( ω c = 2π f c ) and ω 1 are the angular frequencies of the optical carrier and the RF signal with fixed frequency, respectively. ϕ DC = πV bias /V π1 is the phase shift produced by DC bias V bias of the MZM, V π1 is the DC half-wave voltage of the MZM. β 1 = πV pp /V πRF 1 is the modulation index, V pp is the driving voltage of the RF signal applied to the MZM, V πRF 1 is the RF half-wave voltage of the MZM, and J ± n (·) represents the ±n-order Bessel function of the first kind. In practice, optical carrier cannot be completely eliminated due to the non-ideal characteristics of the modulator. Besides, there are other modulation sidebands due to high RF power. Thus, an optical band-pass filter (OBPF1) and an erbium-doped fiber amplifier (EDFA) are connected to filter out and amplify the negative first-order signal we need. The optical spectra of CS-DSB signals and signal after filtering are shown in Fig. 2 (a) and Fig. 2(b) . Then the amplified pure negative first-order signal is injected into the dual-parallel Mach-Zehnder modulator (DPMZM) serving as new optical carrier. The DPMZM is a parent MZM with two sub-MZMs lying on each of its arms. The working state of the two sub-MZMs is manipulated by two bias voltages, V DC1 , V DC2 , and the phase difference between the two sub-MZMs is manipulated by the third bias voltage, V DC3 . The tunable frequency RF signal generated from MSG2 is divided into two channels with 90°phase difference to drive the two sub-MZMs in the DPMZM, respectively. By appropriately manipulating the DC bias, carrier suppression double sideband (CS-DSB) signals are generated of the two sub-MZMs. Mathematically, the tunable RF signals of sub-MZM1 and sub-MZM2 are written as V 2 sin(ω 2 t) and V 2 cos(ω 2 t). Likewise, the power of tunable RF signal is set around 20 dBm to obtain a larger first-order modulation sideband. Under this condition, the output signals from the two sub-MZMs can be written as
where V 2 and ω 2 are the amplitude and angular frequency of the tunable frequency RF signal, respectively. ϕ DC1 = πV bias1 /V π is the phase shift produced by DC bias V bias1 of the sub-MZM1, ϕ DC2 = πV bias2 /V π is the phase shift produced by DC bias V bias2 of the sub-MZM2, V π is the DC half-wave voltage of the two sub-MZMs. β 2 = πV 2 /V πRF is the modulation index, V πRF is the RF half-wave voltage of the two sub-MZMs. J ± n (·) indicates the nth-order Bessel function of the first kind. When phase difference θ between two sub-MZMs is introduced through controlling theV DC3 , the output of the DPMZM can be expressed as E 0 e j (ωc −ω 1 +3ω 2 )t +π (9) As can be seen from Eq. (9), CS-SSB signals are generated successfully. However, there are still residual optical carrier and high-order sidebands limited on the non-ideal characteristics of the modulator and high RF power. To obtain the optical signal with DFS we need to extract merely positive first-order signal from the output of DPMZM. For this purpose the output of the DPMZM is injected into an adaptive narrowband filtering system consisting of a tunable electronic narrowband filter, an optical coupler and a feedback microcontroller. A part of the optical signal output from the optical coupler is injected into the microcontroller as feedback signal, and then converted into the voltage through the internal circuit and the optimized algorithm. Finally, the narrowband filter is controlled by the voltage to achieve tracking and filtering out the positive first-order signal. Thus, the output of the adaptive filtering system can serve as the optical carrier with DFS in subsequent communication link. The optical spectra of CS-SSB signals and signal after filtering are shown in Fig. 2 (c) and Fig. 2(d) . And final optical signal with different DFSs is acquired by tuning the frequency of RF driven signal generated from MSG2. Similarly, we can realize the same DFS simulation if we filter out the positive first-order sideband of MZM and the negative first-order sideband of DPMZM. In detail, the single sideband generated from DPMZM can be switched from the positive sideband to the negative sideband when the phase difference θ between two sub-MZMs varies from −π/2 to π/2. Thus, we consider the first case as an example for elaboration and experimentation. Usually for simplicity, we define the DFS as ω d = ω r − ω t , whereω r and ω t are the angular frequencies of received signal at the communication terminal and emitted laser signal, respectively. In our case, ω d = ω 1 − ω 2 . According to the Doppler effect, in more detail, if ω d < 0, the satellite is moving away from the ground station or another satellite. Conversely, receding movement will meet the relationship of ω d > 0.
Experiments and Results
The experimental system of the proposed laser DFS emulator is set up based on Fig. 1 . A continuous light wave with a power of 13 dBm and wavelength around 1550.52 nm is generated from a laser diode (LD) and injected into the MZM (Photline, MXAN-20) via a polarization controller (PC). The RF signal with a frequency of 17.5 GHz generated from the MSG1 is directly applied into the MZM biased at null point to achieve carrier-suppressed double band modulation (CS-DSB). The optical spectrum of CS-DSB modulation signals with a carrier suppression ratio of 19.1 dB is observed by an OSA (YOKOGAWA, AQ6370D) with a resolution bandwidth of 0.02nm, as shown by the red line in Fig. 3 . The 3th-order sidebands are also generated due to the high RF power aiming to increase the power of the first-order sideband. As mentioned above, due to the limit of non-ideal characteristics of the modulator, optical carrier cannot be completely eliminated. Thus, an optical band-pass filter (OBPF1, Micron Optics, FFP-TF2) with a bandwidth of 1.79 GHz is used to filter out the negative first-order signal. Moreover, the negative first-order signal is amplified to 15 dBm by EDFA. It should be noted that the optical carrier is completely suppressed and the pure negative first-order signal with a relatively large side mode suppression ratio (SMSR) is magnified in the EDFA, as shown in Fig. 3 .
Then the optical signal plotted by the yellow line in Fig. 3 is injected into the DPMZM as new optical carrier. Similarly, the tunable RF signal from 3.5 GHz to 32.5 GHz generated from the MSG2 is divided into two channels with 90°phase difference by a 90°electrical hybrid coupler to drive the two sub-MZMs of the DPMZM. Here, lacking the second broadband MSG, a broadband vector network analyzer (VNA, Rohde&Schwarz FSW40) combined with an electrical amplifier (EA) which has a 3 dB bandwidth from 40 kHz to 40 GHz, a gain of 29 dB, and maximum output power of 23 dBm are used as MSG2. By appropriately manipulating the three DC bias of the DPMZM, carrier-suppressed single band modulation (CS-SSB) is implemented successfully. For instance, the optical spectrum of CS-SSB signals with a high undesired sideband suppression ratio of 30.9 dB when the RF driven signal is a sinusoidal signal with a frequency of 11.5 GHz is plotted by the red line in Fig. 4 . Likewise, one 3th-order sideband also appeared. Besides, such a low undesired sideband suppression ratio is not sufficient to ensure a clear optical carrier. Thus, in order to obtain the pure positive first-order sideband as the optical carrier with DFS, an adaptive narrowband filtering system is used to track and filter out the positive first-order signal. In more detail, the modulated optical signal serves as the input signal of the narrowband OBPF2 (Micron Optics, FFP-TF2), then 20% of the output optical signal from the OBPF2 is fed to the microcontroller through the optical coupler, and the remaining 80% is used as the output signal of OBPF2. The microcontroller controls the filter response by algorithm analysis and analyzing the feedback signal to filter out the positive first-order signal. Thus, the optical spectra after being filtered is illustrated by yellow line in Fig. 4 . It can be seen that a pure optical signal with a high SMSR is obtained and the corresponding DFS is +6 GHz based on ω d = ω 1 − ω 2 .
In addition, in order to verify the broadband characteristics of simulated DFS in the proposed scheme, we tune the frequency of the RF signal feeding into the DPMZM to generate CS-SSB Fig. 4 . Optical spectra of CS-SSB signals measured before filter and after filter. signals. In fact, the DFS is continuously variable. Since no frequency-dependent elements are used, the CS-SSB modulation could work over a wide wavelength range. Considering the wideband characteristics of the modulator and the adaptive tracking capability of the filter, the performance of the frequency-shifted signals with a reasonable frequency shift designed is consistent. Thus, to record and demonstrate the data clearly, we emulate different DFSs by tuning the frequency of VNA from 3.5 GHz to 31.5 GHz in step of 2 GHz while the output frequency of MSG1 keeps fixed at 17.5 GHz, indicating that the DFS varies from +14 GHz to −14 GHz. In order to form a clear contrast, the spectra of final optical signals with various DFSs are shown by curves with different colors and the original laser signal is represented by the dotted line of rose pink with arrow in Fig. 5(a) . Meanwhile the optical spectra of DFS signal simulated by Optisystem is shown in Fig. 5(b) . As seen from Fig. 5 , the experimental results are consistent with the simulation results, and we can extract the value and distinguish the direction of the DFS by comparing the offset and relative position between final laser signal and the original laser signal. For instance, the direction of DFS is negative when the final laser signal is on the left side of the original laser signal and vice versa. Thanks to cascaded frequency shifting in the opposite direction, DFS around zero also can be obtained. The proposed approach overcomes the limitation of that when the DFS is relatively low, such as on the order of megahertz, the residual sidebands and carrier cannot be completely eliminated in the single frequency shifting. It is obviously observed that the side mode suppression ratio (SMSR) of the laser signals with DFSs are all over 52.3 dB from Fig. 5(a) , even at the worst case. In more detail, all the SMSR of laser signals with DFS are recorded for each DFS (from −14 GHz to +14 GHz, with a step of 2 GHz) and the results are shown in Fig. 6 . As seen from Fig. 6 , the variations in SMSR is less than 4 dB over the entire DFS range. In addition, it can be clearly noted that as the frequency fed into the DPMZM increases, the SMSR of corresponding laser signal become smaller due to the high-frequency loss of the DPMZM as presented in Fig. 5 and Fig. 6 , which is consistent with the theory. Besides, Table 1 lists the performance comparison between the proposed cascaded frequency shifting and the previously reported frequency shifting in the literature. It is noted that only our result could meet the emulation requirement of DFS signal for satellite laser communication due to large enough SMSR and wide frequency shift range from zero.
As mentioned above, a high SMSR is necessary for optical carrier to guarantee communication quality. In practice, the possible power variation of the RF driven signal might affect the performance of DFS signal. Therefore, in our experimental demonstration, we verify the influence by changing the delta RF power, defined as p = P 1 − P 2 , in the range of ±3 dB with a step of 0.5 dB at several different DFSs (+6 GHz, 0 GHz, −8 GHz and −14 GHz). Where P 1 represents the actual RF power and P 2 represents the preset RF power. The corresponding measured optical spectra and the variations of SMSR (defined as delta SMSR) versus delta RF power are shown in Fig. 7(a) and Fig. 7(b) . It can be observed that higher RF power exhibits higher SMSR, which is expected since higher RF power generates larger modulation sidebands. Also, results show that delta SMSR is between −3 dB and +3 dB, while delta RF power varies from −3 dB to +3 dB. It can be inferred that the effect of ±3 dB variation of SMSR over 50 dB is almost negligible for optical carrier, which means that the redundancy of the variation of RF power is relatively large in the system.
Subsequently, to verify the value of emulated DFS intuitively, we sweep the frequency of tunable RF signal from 3.5 GHz to 16.5 GHz with a step of 1 GHz, and send a part of the light splitted from the original optical carrier through an optical coupler and the final frequency-shifted optical carrier to the photodetector to heterodyne. The resulting electrical spectra is measured and presented by electrical spectrum analyzer (ESA) in Fig. 8 . It is noted that we can read the value of DFS in the ESA. Likewise, in order to investigate the varying rate of DFS, we sweep the frequency of tunable RF signal from 11.5 GHz to 14.73 GHz with a step of 0.323 GHz (corresponding DFS is from +6 GHz to +2.77 GHz) and with a sweep time of 10s. Here the measured optical spectra of multiple DFS signals cannot be differentiated from each other because of the limited resolution of the optical spectrum analyzer. However, the beat frequency signal between the original optical carrier and frequency-shifted optical carrier is measured and presented by the ESA in the inset of Fig. 8 . It is obvious that component at different frequencies appears one after another while the RF driven signal is continuously scanned, indicating the value of DFS displayed on the ESA immediately. Through the spectrum analysis of synchronous scanning, the varying rate to DFS of 323 MHz/s is realized in the scheme. Finally, for the purpose of verifying the frequency and power stabilities, we take the −1 GHz DFS optical carrier as an example. The frequency and power of the DFS signal are recorded by an OSA and an optical power meter at intervals of half an hour Fig. 9 . It can be seen that the wavelength displayed on the OSA remains the same within 3 hours, and the change rate of optical power (defined as the optical power offset/ initial optical power) is less than 0.212%, which indicates that the system has good long-term stability.
Conclusion
A novel emulator to the laser Doppler frequency shift of satellite laser communication based on cascaded frequency shifting in the opposite direction is proposed and successfully demonstrated. The optical spectra of frequency shift signal and the electrical spectra displayed show both the direction and value of DFS synchronously. The simulated DFS covers the range from −14 GHz to +14 GHz, while all the SMSR of DFS signals are greater than 52.3 dB with flatness less than 4 dB over the entire range. It is proved that the system has relatively large redundancy for power variation of the RF driven signal. Moreover, the DFS varying rate of 323 MHz/s is realized in the scheme. It can be inferred that the laser signal with DFS can be used as an optical carrier in the simulations for satellite laser communication. Thus, the proposed DFS emulator can be implemented to establish a multi-objectives evaluation system for satellite laser communication, to achieve fast and accurate assessment of the communication terminal.
